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Objectives: To examine changes in exercise characteristics, maximal voluntary contraction, and explosive
strength during prolonged tennis playing.
Methods: Maximal isometric voluntary contraction (MVC), leg stiffness (hopping), and peak power in
squat (SJ) and countermovement (CMJ) jumps were measured before, every 30 minutes during, and
30 minutes after a three hour tennis match in 12 well trained players. Heart rate (HR), the effective playing
time (EPT), rating of perceived exertion (RPE), and muscle soreness of knee extensors were also measured.
Results: Decreases in MVC (29%; p,0.05) and leg stiffness (29%; p = 0.17) were observed after the
match and were significantly correlated (r = 0.66; p = 0.05). Peak power in SJ and CMJ tests was
maintained during the match but was lower (p,0.001) 30 minutes after. Average HR and EPT were 144
(8) beats/min and 21 (4)% respectively. A strong correlation was found between EPT and HR (r = 0.93;
p,0.05). RPE and muscle soreness increased linearly during the exercise and were significantly correlated
(r = 0.99; p,0.001).
Conclusions: Progressive reductions in maximal voluntary strength and leg stiffness highly correlated with
increases in perceived exertion and muscle soreness were observed throughout a three hour tennis match,
whereas explosive strength was maintained and decreased only after the match. These alterations may
result in less efficient on-court movement and stroke production. They are, however, lower than those
reported during continuous exercise of the same duration. The intermittent pattern of tennis and the
numerous stretch-shortening cycle movements partly explain these results.

E
lite tennis requires players to repeatedly generate power
for explosive stroke production and rapid movement
about the court during extended matches.1 As the

duration of tennis matches is usually 90–120 minutes on
grass and fast surfaces and 120–180 minutes (sometimes up
to five hours) on clay,2 an important subject is the time
course of changes in strength, power, and velocity during this
prolonged intermittent exercise and the potential effects of
fatigue on stroke production and the behaviour of the player.
This explains the growing body of literature supporting
observations by coaches that the onset of fatigue impairs
tennis performance—that is, the time to complete shuttle
runs and the accuracy and velocity of the serve and ground
strokes.3 4

Functional impairments induced by prolonged continuous
activity—for example, running, cycling, cross country ski-
ing—have been well documented.5 However, less is known
about changes in muscle function—that is, the ability to
generate and maintain muscular strength and power—
during prolonged, high intensity, intermittent exercise such
as tennis, which consists of repeated bouts of brief (7–
10 seconds), near maximal work interspersed with relatively
short (,20 seconds) moderate/low intensity recovery peri-
ods.1 It is known that during multiple sprint work, such as in
team and racquet sports, the magnitude of the progressive
decline in power output is largely determined by the duration
of the intervening recovery periods.6 One may therefore
assume that, during a tennis match play, the exercise
characteristics—that is, exercise intensity, temporal struc-
ture, effective playing time (EPT)—are related to the time
course of impairment of muscle function (muscle strength
and power). Studies on these factors are scarce and most

have looked only at the difference between before and
after.3 4

The aim of this experiment was therefore to examine
changes in exercise characteristics and the time course of
impairment of muscle function during prolonged tennis
playing. We hypothesised that a three hour tennis match
induces a progressive decrease in maximal voluntary con-
traction and explosive strength, which could be attributed to
changes in exercise characteristics.

METHODS
Subjects
Twelve well trained male tennis players (mean (SD) age 23.4
(1.6) years; height 178.5 (4.3) cm; body mass 72.2 (4.5) kg;
body fat 14.1 (3.0)%) of regional to national level (interna-
tional tennis ranking ranging from 2 to 4) volunteered to
participate in this study after they were informed in detail
about the nature of the experiment and possible risks. The
subjects had done regular tennis training for at least 10 years,
and their average weekly technical/tactical and physical
training during the six months before testing were 4.9 (3.2)
and 2.5 (1.4) hours a week respectively. Written informed
consent was given by each subject, and the local committee
on human research gave their approval for the project.

Abbreviations: CMJ, countermovement jump; EPT, effective playing
time; HR, heart rate; LS, leg stiffness; MRJ, multi-rebound jump; MVC,
maximal isometric voluntary contraction; RPE, rating of perceived
exertion; SJ, squat jump
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Experimental set up
A standardised warm up was carried out by each subject
before the testing session. It consisted of five minutes of
running at a self selected pace, followed by five minutes of
tennis play. After this warm up protocol, peak power in
squat jump (SJ) and countermovement jump (CMJ) tests
was recorded. A multi-rebound jump (MRJ) test was
performed to evaluate leg stiffness (LS). Maximal
isometric voluntary contraction (MVC) of the right knee
extensor was also recorded. This test session was
completed during brief interruptions before (T0), during
(30, 60, 90, 120, 150, and 180 minutes: T30, T60, T90, T120, T150,
and T180), and 30 minutes after (T+30) a three hour
tennis match (fig 1). During the successive competitive
tennis periods, heart rate (HR) was recorded continuously,
and the temporal structure (rally and recovery
durations, EPT) of each match was determined from video
analysis. After each tennis period, rating of perceived
exertion (RPE) and muscle soreness of the knee extensors
were recorded using visual analogue scales. All experi-
ments were performed on an outdoor Greenset tennis court
area. The air temperature was 10–12 C̊. The independent
variable was the time of measurement. Dependent
variables were HR, EPT, RPE, muscle soreness, MVC, peak
power, and LS.

Three hour tennis match play
The prolonged exercise was a three hour standardised
competitive tennis match. The scoring and time chara-
cteristics complied with the rules of the International
Tennis Federation (2000). Therefore during the match,
players were allowed to rest for a maximum of
20 seconds between rallies. However, the normal 90 second
recovery period at the changeovers was not allowed. All
subjects played against an opponent of similar standard.
During the three hour match, subjects ingested 250 ml water
every 30 minutes and a 77 kcal energetic biscuit after one and
two hours of play. These drinking and eating regimens were
intended to prevent dehydration and hypoglycaemia.

Exercise characteristics
HR was recorded continuously and averaged every five
seconds during the match using short range radio telemetry
(S610; Polar Electro Oy, Kempele, Finland). The temporal
structure of tennis singles was determined by filming each
match with a video camera (JVC, Ottawa, Ontario, Canada).
From the tapes, a researcher timed the duration of each rally,
which allowed the following mean variables to be calculated:
(a) duration of rallies (DR, seconds); (b) total playing time
(TPT, seconds); (c) real playing time (RPT, seconds)
corresponding to the sum of DR; (d) EPT (ratio of RPT to
TPT, %).

RPE and muscle soreness
Each participant was asked to indicate RPE according to the
6–20 Borg scale after each period of tennis. While squatting
to a 90˚ knee angle with hands on hips, subjects also
estimated muscle soreness of the knee extensors using a
visual analogue scale. This scale was also numbered from 6 to
20, with 6 indicating no muscle soreness and 20 signifying
that the muscles were too sore to move.

MVC
MVC of the right knee extensor muscles was measured on an
isometric ergometer which consisted of a chair connected to a
strain gauge (Captels, St Mathieu de Treviers, France).
Subjects were placed in a seated position and securely
strapped into the chair. Movements of the upper body were
limited by two crossover shoulder harnesses and a belt across
the abdomen. The trunk-thigh angle was 90 .̊ The axis of the
dynamometer was aligned with the knee flexion-extension
axis, and the lever arm was attached to the shank with a
strap. The knee angle was fixed at 80˚ of flexion (0˚ is the
knee fully extended). The subjects were asked to perform two
MVCs (five seconds duration), and the best result was
recorded.

Vertical jumps
Jumps were performed in three ways: (a) from a static
squatting position at 90˚ angle of the knee (SJ); (b) with a

3 h tennis match play

T0 T30 T60 T90 T120 T150 T180 T+30

Time (min)

Warm up (10 min)

0 30 60 90 120 150 180 210

Eat

Drink

RPE

Muscle soreness

Body mass

Heart rate

EPT

Testing session including:
• Squat, countermovement and multi-rebound jumps
• Maximal isometric voluntary contractionsTennis competitive bout (20 min)

Passive recovery (20 min)

Figure 1 Experimental set up. RPE, Rating of perceived exertion; EPT, effective playing time. Each test session was performed before (T0), during (T30:
30th min; T60: 60th min; T90: 90th min; T120: 120th min; T150: 150th min), immediately after (T180), and 30 minutes after (T+30) the three hour tennis
playing exercise.
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preliminary countermovement to 90˚ angle of the knee
(CMJ); (c) one set of MRJs during 15 seconds with rebound
to the highest possible point. For both SJs and CMJs, subjects
were asked to perform two maximal trials, and the highest
jump was recorded. During MRJs, subjects were instructed to
keep their knees as stiff as possible (‘‘ankle jumps’’) and to
have as brief a contact time as possible. They were asked to
keep their hands on their hips to eliminate any influence of
arm swing. Jump technique was demonstrated to each
subject, followed by two submaximal attempts. Ground
contact (MRJ) and flight times (SJ, CMJ, and MRJ) were
recorded using optical measuring apparatus (Optojump;
Microgate, Bolzano, Italy). From the flight times, the peak
power (W/kg) in the SJ and CMJ tests was calculated.7 From
the flight and contact times, LS (N/m/kg) in the MRJ test was
approximated.8

Statistical analysis
Mean (SD) was calculated for all variables. A one way
analysis of variance with repeated measures was used to
calculate the statistical significance of differences between
variables measured during competitive bouts (HR, EPT) and
testing sessions (RPE, muscle soreness, MVC, peak power in
SJ or CMJ as well as LS in MRJ). A two way repeated
measures analysis of variance was used to examine the
differences in peak power during SJ and CMJ over time.
When appropriate, a Fisher’s protected LSD post hoc test was
used to determine pairwise differences between means.
Spearman correlation coefficients were calculated to deter-
mine the relations between selected variables. Statistical
significance was accepted at p,0.05. The statistical analyses
were performed using SigmaStat 2.03 software (Jandel
Corporation, San Rafael, CA, USA).

RESULTS
After exercise, the body mass loss was 1.1 (0.7) kg, which
was equivalent to 1.6 (1.0)% of body weight. During the three
hour tennis match, the mean HR was 144 (8) beats/min.
Mean DR and EPT were 7.0 (1.3) seconds and 21.3 (3.6)%
respectively. Figure 2 presents changes in mean HR and EPT
between each competitive bout of the prolonged exercise.
There was a strong correlation (r = 0.93; p,0.05) between
EPT and HR.

As shown in fig 3, RPE and muscle soreness of knee
extensors increased progressively (p,0.001) during the
tennis match and were found to be highly correlated (r =
0.99; p,0.001).

Analysis of variance revealed a significant effect of exercise
duration on MVC (p,0.01) but when compared with T0, the
decrease in MVC reached significance only after 150 minutes
(fig 4). Changes in RPE or muscle soreness during the match
correlated inversely with change in MVC (r = 20.94;
p,0.01) but not with change in LS (r = 20.66; p =
0.17). Decreases in MVC and LS during the course of the
match were significantly correlated (r = 0.66, p = 0.05).

Mean peak power in SJ was significantly (p = 0.017)
lower than in CMJ (44.4 v 45.4 W/kg for SJ and CMJ
respectively) (fig 5A). Changes in peak power in the SJ and
CMJ tests over time correlated strongly (r = 0.95; p,0.001).
LS decreased slightly during the course of the exercise (29%
at T180) but the decrease was not significant (fig 5B).

DISCUSSION
To the best of our knowledge, this study is the first to
describe changes in exercise characteristics and decreases in
isometric strength, explosive power, and leg stiffness related
to progressive increases in perceived exertion and muscle
soreness, during prolonged on-court competitive tennis.
These findings may help to explain the commonly observed
changes in on-court movement and stroke production during
fatigue.

The temporal characteristics (DR ,7 seconds; EPT ,21%)
and mean intensity (HR ,144 beats/min) found here are in
line with previous studies (DR 7–10 seconds; EPT 20–30%;
HR 140–160 beats/min) performed on the same playing
surface and highlight the intermittent nature of the exercise
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performed.1 9 One interesting finding is the relation between
EPT and HR, showing that the exercise characteristics of
tennis strongly influence the energy requirements. Smekal et
al10 have reported that the duration of rallies and EPT are the
most significant factors of energy expenditure in tennis.
However, as the playing pattern is not predictable and is
influenced by various additional factors, such as the style of
play, the playing surface, and the standard of the opponent,
energy demands may vary greatly.1 9 10

To our knowledge, changes in RPE during the course of a
tennis match have never been investigated, although
previous studies have used visual analogue scales (1–10
scale).11 12 Despite the fact that HR was decreased near the
end of the match, RPE and muscle soreness gradually
increased throughout. This dissociation between work rate
and RPE during the course of a prolonged tennis match
indicates that other factors unrelated to cardiovascular stress
probably determine RPE in this type of intermittent activity,
in particular mechanical factors, as evidenced by the relations
between RPE and MVC or LS. Exercise induced muscle
damage is a well documented phenomenon in activities with
a high eccentric component.5 Considering that strenuous
eccentric contractions—that is, breaking, flexion, stretch-
shortening actions—occur frequently in tennis during ser-
ving, intense shuttle runs, and powerful stroke produc-
tion,13 14 one might assume that exercise induced muscle
damage is likely to occur during prolonged tennis matches
and therefore explain the expected alteration in muscle

function. This is supported by the present relations between
perceived muscle soreness of knee extensors, which regularly
increased during the match, and decreases in both MVC and
LS.

Although the ability of muscle to generate explosive
strength—that is, peak power in the SJ and CMJ tests in
this study—is commonly considered to be functionally more
pertinent to athletic performance than measures of muscle
strength,15 isokinetic muscle strength has been shown to
effectively predict ball velocity.16 This suggests that measur-
ing maximal strength (MVC) may be a relevant test when
evaluating tennis players. Interestingly, MVC decreased
progressively during the match, and this decrease reached
significance after two and a half hours (212% at T150 and
29% at T180). As this study is the first to report changes in
MVC during tennis singles play (or any intermittent
prolonged exercise), comparison with the literature is not
possible. However, not surprisingly, the decrease in MVC is
lower than in prolonged continuous exercise such as running,
cycling, and cross country skiing (219–35%).5 The parallel
decline in MVC and LS (r = 0.66; p = 0.05) confirms that
the ability to maintain the force generating capacity during
prolonged exercise is influenced by regulation of leg stiffness.
It has been shown that impairment of stretch-shortening
cycle performance is associated with a lowered tolerance to
ground impact and reduced joint stiffness.17 However, further
experiments on neuromuscular fatigue induced by prolonged
tennis playing are needed to shed light on the origins (central
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and/or peripheral) of the observed decrease in muscular
strength.

During the first 30 minutes of exercise, improvement in
CMJ and SJ height may be attributable to an increase in
muscle temperature through mechanisms such as increased
transmission rate of nerve impulses, decreased viscous
resistance, and/or increased glycogenolysis, glycolysis, and
high energy phosphate degradation.18 This result suggests
that the warm up was not sufficient. However, the most
interesting finding is that the three hour tennis match did
not alter explosive strength. This can probably be explained
by the numerous recovery periods between points (,79% of
the total duration of the match), which may be sufficient for
replenishment of ATP and phosphocreatine.6 During high
intensity, intermittent exercise, recovery periods play an
important role in limiting fatigue.19 There is evidence to
suggest that the provision of fluids and carbohydrate during
intermittent exercise may improve physiological and mental
performance and also help to delay fatigue caused by
dehydration.20 Thus, although a 1.6% decrease in body mass
was observed, the regular ingestion of carbohydrates and
electrolytes was probably sufficient to maintain the explosive
qualities, as carbohydrate intake has been found to improve
explosive strength (Sargent jump) after two hours of tennis.21

Also of interest is the delayed alteration in explosive
strength in both the SJ and CMJ tests after the 30 minute
passive recovery period. It has been shown that stretch-reflex
sensitivity is reduced after exhausting stretch-shortening
cycle exercise.22 Although the exact mechanisms of this
inhibition remain unclear, it has been emphasised that the
delayed recovery of reflex sensitivity may result from the
progressive inflammation that develops in cases of muscle
damage.23 In the present experiment, however, if inhibition of
the stretch reflex had occurred during the course of the
match, a greater decrease in CMJ height than SJ height
would have been observed over time, as the activation of the
muscle spindle during stretching increases the height of the
CMJ.24 Interestingly, changes in explosive strength over time
in this study were similar (fig 5A), as evidenced by the strong
correlation between peak power in the SJ and CMJ tests at
the different testing times. This does not agree with the
findings of Hortobagyi et al25 that SJ performance decreased
to a greater extent than CMJ performance in damaging
exercise.

The ability to produce and maintain a high level of stiffness
has been considered an important factor of explosive
exercise, particularly for sprint running and hopping.26 The
present mean LS value in the non-fatigued state (21.7 N/m/
kg) is in line with the range reported previously (21.8–27.5 N/
m/kg).13 Even if alterations in the series elastic component
cannot be ruled out, the progressive decrease in LS during
the three hour exercise was probably due mainly to
neuromuscular activation failure. Although the difference
in LS values before and after exercise did not reach
significance, the factors responsible for such neuromuscular
alterations may be related to a decreased central drive,
disfacilitation of the stretch reflex, and/or inhibition of
activation through type III and IV afferent fibres, which are
sensitive to inflammation.27 This decreased LS is in line with a
previous experiment showing that exercise including stretch-
shortening cycle contraction can result in reduced tolerance
to stretch load.28

Although the standard muscle strength (MVC) and power
(vertical jumping) tests used in this study may be valid for
general assessments of neuromuscular function, their exter-
nal validity in terms of their relations to performance in
various functional movements tests such as serving and
ground strokes in tennis has been shown to be moderate, if
not insignificant.29 In addition, it is unclear if vertical jump

performance reflects lower limb activity during tennis stroke
production.

A knowledge of the time course of changes in explosive
power in response to prolonged tennis playing is essential for
the supervision of training. Coaches may plan training
sessions aiming to develop in parallel the phosphocreatine
energy system and aerobic power to improve the ability to
repeat powerful actions and recover more effectively. It seems
that an efficient method is to add pliometric, velocity, and/or
intermittent running exercises to the traditional tennis-only
training programmes.1 9 30 Another issue is how to structure
training and competition programmes to accommodate
exposure to exercise induced muscle damage.

CONCLUSION
Progressive reductions in MVC and leg stiffness closely
correlated with increases in perceived exertion and muscle
soreness were observed throughout a three hour tennis
match, whereas explosive strength was maintained and
decreased only after the match. The intermittent pattern of
tennis and the numerous stretch-shortening cycle move-
ments partly explain these results. Taken together, these
findings may help to explain the commonly observed
alterations in on-court movement and stroke production
during fatigue.
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